In this study, we investigated the changes in the right-to-left shunt (RLS) of the patent foramen ovale (PFO) at different phases of the Valsalva maneuver and analyzed the possible mechanisms. The study population consisted of 57 patients with symptoms highly suggestive of a PFO. These patients had been diagnosed with apsychia, migraine with aura, cerebral infarction, transient ischemic attack (TIA), and cerebral ischemia with unknown cause. Routine echocardiography was performed in all patients to rule out a cardiac malformation. Contrast-transcranial Doppler (c-TCD) and contrast-enhanced transthoracic echocardiography (c-TTE) were used to visualize and quantify the RLS. The standard apical four chamber view was used to observe the changes of E peak, A peak, and velocity-time integral (VTI) ratio of tricuspid blood flow during the strain phase and release phase of the Valsalva maneuver. Paired t-test was used to compare E peak, A peak, and VTI ratio of tricuspid blood flow during the different phases. The right-to-left shunt across the PFO (PFO-RLS) was graded in the two phases and compared by Kruskal-Wallis test. Compared with the strain phase of the Valsalva maneuver, the parameters of E, A, and VTI in diastolic period in patients with PFO-RLS at the release phase were significantly increased [54.30 ± 13.65 cm/s vs 100.35 ± 21.11 cm/s, 42.21 ± 12.32 cm/s vs 57.30 ± 18.88 cm/s, 10.34 ± 3.27 cm/s vs 19.58 ± 4.56 cm/s, respectively], and the difference was statistically significant. The positive consequence of PFO-RLS, as diagnosed by c-TTE with the Valsalva maneuver at the release phase of the Valsalva maneuver, was significantly higher than that at the strain phase of the Valsalva maneuver. At the beginning of release phase of the Valsalva maneuver, decreased intrathoracic pressure led to increased venous backflow into the right atrium. Thus, high-velocity blood flow rapidly pushed the PFO open, which resulted in a 
Introduction
A patent foramen ovale (PFO) is a unique form of atrial septal communication and a congenital heart disease. It is a stealth shunt caused by incomplete fusion of the primum atrial septum and the secundum atrial septum after birth. Previous studies have shown that about 27% of the general population has a PFO [1] [2] . A PFO is related to many clinical diseases, such as transient ischemic attack, migraine, cerebral infarction, and apsychia with unknown cause [3] [4] [5] [6]. The existence of the right-to-left shunt (RLS) and shunt volume across the PFO during the resting state and under the stress state have become important issues in clinical research in recent times [7] . Several studies have shown that contrast-enhanced transthoracic echocardiography (c-TTE) with Valsalva maneuver can effectively detect the presence of an RLS and determine the shunt volume in patients with PFO in the resting and stress states [8] [9] . Studies have investigated the RLS with the help of a Valsalva maneuver and attributed it to an elevation in right atrial pressure [10] . However, we have observed in clinical practice that the RLS is not obvious when the right atrial pressure is significantly elevated at the strain phase of the Valsalva maneuver, while the RLS increased when the right atrial pressure decreased in the release phase. Therefore, we have a different theory regarding the PFO-RLS mechanism, and this study aimed to provide an alternative explanation for the PFO-RLS, as seen during the Valsalva maneuver.
Materials and Methods

Patient Population
We performed a prospective study that included 57 patients (26 men and 31 women, mean age 39 ± 13 [16 -65] years) with a high suspicion of a PFO. We collected the patents samples from the Second Affiliated Hospital of Medicine School, Xi'an Jiaotong University, during November 2016 to June 2017, and the patents had been diagnosed with conditions such as apsychia, migraine with aura, cerebral infarction, transient ischemic attack and cerebral ischemia with unknown cause. All patients were examined by computed tomography (CT) or magnetic resonance imaging (MRI) to exclude intracranial, extracranial, and pulmonary vascular malformations. Routine transthoracic echocardiography was used to exclude structural cardiac abnormalities. Contrast-transcranial 
c-TTE Imaging
The study used the color Doppler ultrasound diagnostic apparatus, the Netherlands Philips IE33 (Philips Healthcare, DA Best, The Netherlands) with S5-1 adult heart probe (frequency: 2 -5 MHz). A pressure-measuring device made from a table sphygmomanometer was used. The cuff of the table sphygmomanometer was removed; the finer end of a disposable plastic hose was connected to the rubber tube of the sphygmomanometer, and the wider end was used as the suction end. The device was used to monitor the intrathoracic pressure when patients performed the Valsalva maneuver and were blowing into the plastic hose.
Preparation of Agitated Saline
A 10 ml syringe was used to extract 8 ml normal saline, while another 10ml syringe was used to extract 1 ml of air. The two syringes were connected to three-limb tubes while extracting 1 ml of blood from the patient. The valve direction of the three-limb tubes was adjusted. Saline and air were mixed in two syringes, and the syringes were pushed back and forth at least 20 times to produce a fine and evenly mixed liquid filled with microbubbles [10] .
Examination Methods
Patients were asked to lie in the left recumbent position at a 45 degree angle.
They were examined with routine echocardiography and electrocardiography.
The apical four-chamber view was recorded. When the heart rate of the patients stabilized, the sampling container was placed on the right ventricular side of the tricuspid valve. The pulse Doppler was used to observe the blood flow spectrum at the tricuspid valve during the resting state, the strain phase and the release phase of the Valsalva maneuver. The tricuspid E peak value, A peak value, and This was repeated until the cardiac function returned to the initial state.
c-TTE Method and PFO-RLS Grading
Patients were asked to assume the left recumbent position at a 45 degree angle, and were examined with routine echocardiography. The apical four-chamber view was taken. When the heart rate of patients had stabilized, agitated saline 
Statistical Analysis
A statistical analysis was conducted with the software SPSS 21.0. The tricuspid blood flow spectrum parameters E, A, and VTI showed normal distribution.
Measurement data was shown as mean ± standard deviation ( x s ± ). Paired t-test was used to compare the E, A, and VTI of the blood flow spectrum during the resting state, the strain phase, and the release phase of the Valsalva maneuver. The measurement data was depicted in percentage. Kruskal-Wallis test was used to compare the PFO-RLS grading in the strain phase and the release phase.
A p value less than 0.05 was considered statistically significant.
Results
The Socio-Demographic and Clinical Characteristics of the Patients
AS shown in 
PFO-RLS at Different Phases of the Valsalva Maneuver
As seen in Table 2 , a large PFO-RLS was detected at the release phase of the Valsalva maneuver, in 43 out of 57 cases (75.4%). However, at the strain phase a large PFO-RLS was detected in 11 out of 57 cases (19.3%)，there was none or only a small RLS at the strain phase, seen in 46 cases (80.7%). This indicates that a large PFO-RLS was detected at the release phase of the Valsalva maneuver, while the PFO-RLS was not obvious during the strain phase. The positive consequence of PFO-RLS was significantly increased at the release phase of the Valsalva maneuver (Figure 1 ). Figure 1 . TTE with bubble study during the strain phase (A) and the release phase of the Valsalva maneuver (B). 
Changes in Tricuspid Blood Flow during the Different Phases of the Valsalva Maneuver
Discussion
Clinical intervention in PFO is dependent on the presence of PFO-RLS and on the shunt volume. Echocardiography is a commonly used technique; however, routine color Doppler flow imaging is only sensitive for left-to-right shunts with relatively high velocity, while a PFO-RLS with relatively low velocity is detected with difficulty. At present, c-TTE is often used to detect and grade PFO-RLS [12] .
X. H. Zhang, B. M. Liu Such high-velocity blood flow quickly opens the foramen oval valve, which increases the PFO-RLS magnitude rapidly. This phenomenon is usually significant in the first five cycles of the rapid release phase of the Valsalva maneuver [14] [16]. After the five cardiac cycles, the high-velocity blood flow gradually decreases to normal levels, and the PFO-RLS is significantly reduced.
Therefore, we think that the PFO-RLS increase in the release phase of the Valsalva maneuver is mainly due to the impact of high-velocity blood flow in the right atrium, rather than due to the increase in right atrial pressure, as traditionally believed.
Conclusion
In conclusion, as the positive intrathoracic pressure increases and the Valsalva maneuver continues in the strain phase, the left and right heart chambers exchange blood through the pulmonary circulatory system; this reduces the pressure difference between the left and right atria, such that the right atrial pressure is slightly higher than or equal to the left atrial pressure, rendering the PFO-RLS undetectable. The intrathoracic pressure decreases rapidly when the release phase comes to an end, and blood flow into the right atrium increases, resulting without Valsalva maneuver, by cardiac catheterization. However, we cannot do cardiac catheterization due to limited resources. We could not verify the pressure changes in the left and right atria at different phases. In addition we will continue to collect more sample sizes and we look forward to further deepening and improving the follow-up work.
